In adult skeletal muscle, abluminal sprouting or longitudinal splitting of capillaries can be initiated separately by muscle overload and elevated microcirculation shear stress respectively. In the present study, gene and protein expression patterns associated with the different forms of angiogenesis were examined using a targeted gene array (Superarray), validated by quantitative RT (reverse transcription)-PCR and immunoblots. Sprouting angiogenesis induced large changes in expression levels in genes associated with extracellular matrix remodelling, such as MMP-2 (matrix metalloproteinase-2), TIMP (tissue inhibitor of metalloproteinases), SPARC (secreted protein, acidic and rich in cysteine) and thrombospondin. Changes in neuropilin, midkine and restin levels, which may underpin changes in endothelial morphology, were seen during splitting angiogenesis. Up-regulation of VEGF (vascular endothelial growth factor), Flk-1, angiopoietin-2 and PECAM-1 (platelet/endothelial cell adhesion molecule-1) was seen in both forms of angiogenesis, representing a common angiogenic response of endothelial cells. In conclusion, the present study demonstrates that general angiogenic signals from growth factors can be influenced by the local microenvironment resulting in differing forms of capillary growth to produce a co-ordinated expansion of the vascular bed.
INTRODUCTION
Angiogenesis is the growth of new capillaries from an existing vascular network which may occur in response to a variety of physical or chemical stimuli, whereas inappropriate capillary growth underlies a wide range of diseases. However, angiogenesis is far from a single-step simple phenomenon. Different forms of angiogenesis are realized under developmental, pathological and physiological conditions [1] .
Two morphologically distinct forms of in vivo angiogenesis can be induced in rodent skeletal muscle by contrasting mechanical stimuli, both of which lead to the formation of fully functional mature capillaries [2] . Muscle stretch and overload, through extirpation of a synergist, stimulates abluminal sprouting of endothelial cells through the basement membrane. These sprouts then grow and fuse with other capillaries to form functional anastomoses [3] . In contrast, chronic vasodilatation, for example by the α 1 -adrenergic receptor antagonist prazosin, leads to longitudinal intraluminal splitting of capillaries, largely by intraluminal projections which divide the vessel [4] .
Increasing muscle overload and blood flow at the same time by indirect electrical stimulation of the muscle results in a combination of sprouting and intraluminal splitting angiogenesis [5] , similar to how capillaries are formed by endurance exercise training [6] .
Given the existence of two forms of angiogenesis in skeletal muscle, it is reasonable to suggest that two different molecular pathways exist providing a differential mechanism of capillary growth. VEGF (vascular endothelial growth factor) is commonly thought to be the most important growth factor in angiogenesis [7] , and the time course of expression in the rat has shown that VEGF levels are elevated in both models [8] . However, the peak in expression precedes capillary formation during prazosin administration, whereas it lags capillary formation after extirpation [8] . This implies that either VEGF is playing a different role in separate pathways involving different growth factors or that the actions of VEGF are modulated by accessory molecules.
We hypothesized that the two morphologically different forms of angiogenesis would be associated with major differences in molecular pathways. Hence we used a targeted gene microarray (Superarray), validated by quantitative RT (reverse transcription)-PCR, to examine which genes involved in angiogenesis had a differential expression pattern in our experimental models. Where antibodies were available, we performed immunoblot assays to investigate if the quantitative changes in mRNA levels were also detectable at the protein level.
METHODS

Animal models
Male C57/BL10 mice (Charles River) weighing 25 + − 3 g were used for all procedures, with four mice analysed per group. Animals were housed at 21
• C with a 12/12 h light/ dark cycle, and had access to food and water ad libitum. All work was carried out in accordance with the UK Animals (Scientific Procedures) Act 1986 and the Landesamt für Arbeitsschutz, Gesundheitsschutz und technische Sicherheit, Berlin.
Extirpation
Unilateral extirpation of the tibialis anterior muscle was performed as described previously in rats [3] , resulting in hyperplasia and hypertrophy of the EDL (extensor digitorum longus) muscle. Briefly, mice were anaesthetized by inhalation (2 % halothane; Fluothane; NVS) prior to aseptic surgery. Topical antibiotics (Duplocillin) and systemic analgesia (2.5 ml/kg of body weight buprenophine, subcutaneously; Temgesic; NVS) were administered peri-operatively. EDL muscles were removed for analysis 3 or 7 days after surgery.
Vasodilation
Prazosin (50 mg/l; a gift from Pfizer) was dissolved in tap water and administered to animals ad libitum as drinking water, with each mouse receiving approx. 175 µg/day. EDL muscles were removed for analysis 3 or 7 days after the start of treatment.
Histology
Animals were killed by cervical dislocation, and EDL muscles dissected and snap-frozen in liquid-nitrogencooled isopentane. Sections (10 µm thick) were cut on a cryostat microtome and allowed to air-dry before staining. Capillary staining was performed on cool acetonefixed sections using rhodamine-conjugated Griffonia simplicifolia lectin-1 (Vector) at 20 µg/ml in PBS for 30 min at room temperature out of direct light. Sections were viewed under fluorescent illumination on an Olympus BHF-312 microscope, and images were captured on an Olympus 3020 zoom digital camera. Capillaries and fibres were counted with a 270 µm × 270 µm counting square using an unbiased sampling protocol, taking four random areas across each muscle.
RNA isolation
Total RNA was prepared from EDL muscles of treated and untreated C57 mice using the RNeasy Protect Mini kit, according to the manufacturer's protocol (Qiagen). For real-time PCR analysis, traces of DNA were removed by DNase I treatment (Qiagen) prior to ethanol precipitation. After elution in RNase-free water, final RNA concentrations were determined photometrically.
Gene array
Gene arrays (Superarray) were used according to the manufacturer's protocol. Briefly, 2 µg of RNA was used to synthesize biotinylated cDNA probes to be hybridized with Q series mouse angiogenesis arrays (Superarray). A streptavidin-labelled alkaline phosphatase reporter antibody was added to the array, followed by development with a chemiluminescent substrate (CDP Star; Superarray).
Chemiluminescence was detected on photographic film (Biomax Light, using a GBX fixer/developer; Kodak), with multiple exposures taken with different exposure times, which were normalized by GAPDH (glyceraldehyde-3-phosphate dehydrogenase) saturation. These films were scanned with a film scanner and quantified using ScanAlyze software (Michael Eisen, Lawrence Berkeley National Lab, Berkeley, CA, U.S.A.; http:// rana.lbl.gov/EisenSoftware.htm) and GEArrayAnalyzer (Superarray). Background levels were subtracted from the densities generated and then the spots were normalized 
qRT-PCR (quantitative real-time RT-PCR)
For quantification of mRNA of selected angiogenesis factors in EDL muscles of treated and untreated C57 mice, qRT-PCR analysis was performed. cDNA was synthesized by RT with 2 µg of total RNA using 1 µM oligodT primers and 200 units of Omniscript reverse transcriptase (Qiagen) at 42
• C for 1 h. As external standard, cDNA was generated from each gene investigated by standard PCR using forward and backward primers listed in Table 1 . The number of copies per µl was calculated according to the formula: [g/µl of cDNA/(PCR fragment length in nucleotides × 660)] × 6.022 × 10 23 . Purity of mRNA was confirmed by using primer pairs derived from different exons separated by (at least) one intron, analysing the resulting product size on agarose gels, and confirming the amplification of a single product only by running a melting curve for all PCRs.
For each sample to be investigated, 200 ng of cDNA template were added to 12.5 µl of QuantiTect SyBR green master mix (Qiagen) and 0.15 µl of both forward and backward nested primers (final concentration, 0.6 µM each; Table 1 ) to a total volume of 20 µl with RNAfree water. External cDNA standards in copy number from 1 × 10 9 to 1 × 10 2 were simultaneously submitted to PCR amplification by addition of serial 1:10 dilutions instead of the cDNA template from total RNA, and GAPDH samples were run in parallel with all experimental samples. An initial denaturing step at 95
• C for 15 min was followed by 55 cycles with a denaturating step at 94
• C (15 s), an annealing step at 56
• C (30 s) and an elongation step at 72
• C (75 s). For analysis, cycling reports and melting curves were evaluated. The number of copies was extrapolated from the standard curve and set relative to 1 µg of RNA introduced into the RT reaction. Samples were then normalized to GAPDH.
Western blotting
EDL muscles were homogenized on ice, and then proteins were extracted on ice with 1 % (w/v) Nonidet P40, 0.5 % (w/v) sodium deoxycholate and 0.1 % SDS in PBS (Sigma) with a proteinase inhibitor cocktail (Sigma). Total protein extraction, including nuclear proteins for studying HIF (hypoxia-inducible factor)-1α, were extracted on ice with 8 M urea, 10 % (v/v) glycerol, 1 % (w/v) SDS, 5 mM dithiothreitol, 5 mM Tris/HCl (pH 6.8) and protease inhibitor cocktail [9] . The amount of protein in each sample was assayed (detergent compatible protein assay; Bio-Rad Laboratories) and an equal amount of protein from four different mice was then pooled to provide enough protein for direct comparison of different molecules using the same animals. Pooled protein levels were assayed and 50 µg of protein was loaded per gel. Western blots were run on a 7.5 % (w/v) polyacrylamide gel, using a non-reducing sample buffer for VEGF and MMP (matrix metalloproteinase)-2 samples, transferred on to a PVDF membrane and blocked with 5 % (w/v) non-fat milk in TBS/Tween buffer [20 mM Tris/HCl (pH 7.6), 137 mM NaCl and 0.1 % Tween 20] for 1 h at room temperature. Primary antibodies against Flk-1 (1:500 dilution; Santa Cruz), VEGF-A (1:500 dilution; Santa Cruz), PECAM-1 (platelet/endothelial cell adhesion molecule-1; 1:200 dilution; Santa Cruz), SPARC (secreted protein, acidic and rich in cysteine; 1:200 dilution; Santa Cruz); Ang-2 (angiopoietin-2; 1:1000 dilution; Rockland), HIF-1α (1:10 dilution; Novus Biologicals) and MMP-2 (1:10 dilution; Neomarkers) were and #610-1319-0100 (Rockland); all 1:2500 dilution] were incubated and washed similarly, and then the chemiluminescent substrate (Pierce) was applied and exposures made on photographic film. Membranes were stripped and re-probed with an actin antibody (H-300; Santa Cruz). Data were then normalized to the actin levels and expressed as a percentage of control tissue. Densitometric analysis was performed using Quantity One software (Bio-Rad Laboratories) on three separate blots to measure the variability in the method. Protein loading was confirmed on selected membranes by Ponceau S staining (Sigma) and India Ink staining.
Statistical analysis
Data were obtained from at least three separate experiments, using material pooled from three different animals. Each value represents the means + − S.E.M. Statistical significance was assessed by Student's t test for unpaired values, and differences between treatment groups were considered statistically significant at P < 0.05.
RESULTS
Angiogenesis in the EDL muscle of mice is initiated within 3 days in both models of angiogenesis
The time course of angiogenesis (Table 2) showed that extirpation of the tibialis anterior muscle and administration of prazosin resulted in angiogenesis to a similar degree after 14 days, with a broadly similar time course of changes in capillary density. Therefore time points at 3 and 7 days were chosen to detect early gene responses As there were no qualitative differences between gene expression at 3 and 7 days, only data from 3 days are shown.
Confirmation of mRNA expression by qRT-PCR
Selected genes were used for confirmatory studies by qRT-PCR (Table 3) and Western blotting ( Figure 2 and Table 4 ). As very little qualitative difference was seen in the gene arrays between samples at 3 and 7 days, confirmation with qRT-PCR was performed using mRNA samples from mice at 3 days. An increase in HIF-1α and SPARC mRNA following extirpation was observed with qRT-PCR, which was unaffected by administration of prazosin. MMP-2 was also up-regulated after extirpation, but was down-regulated in response to prazosin treatment. Midkine, Ang-2 and restin were down-regulated Table 3 Summary of the mRNA quantification of selected angiogenesis factors by qRT-PCR RNA was isolated from EDL muscles of control mice as well as of mice treated for 3 days with prazosin (3d prazosin) or at 3 days after extirpation surgery (3d extirpation). The absolute number of copies was determined by qRT-PCR and normalized to the appropriate control as indicated. 
Figure 2 Protein expression in two models of angiogenesis
Protein was extracted from the EDL muscles of control animals (C), animals treated for 3 (3p) or 7 (7p) days with prazosin and animals at 3 (3e) and 7 (7e) days after extirpation. Bands for MMP-2 show both the pro-form (approx. 72 kDa) and active form (approx. 66 kDa).
by prazosin administration, with little change seen after extirpation. No change was seen in PECAM-1, whereas VEGF-A (isoforms 120, 164 and 188) showed a small non-significant down-regulation in both models ( Table 3) . As previous work from our laboratory has demonstrated that VEGF-mediated angiogenesis can depend more on the expression of its cognate receptor than VEGF itself [9] , expression of Flk-1 was measured. This also showed down-regulation at the mRNA level, especially after extirpation.
Confirmation of protein expression by immunoblotting
An increase in HIF-1α and MMP-2 was observed by Western blotting after extirpation, but not prazosin treatment ( Figure 2 and Table 4 ). There was no change in SPARC protein levels in either model. CD31, VEGF-A and Flk-1 were all up-regulated by both treatments (Figure 2 and Table 4 ). 
DISCUSSION
The present study has shown that two distinct forms of physiological angiogenesis, which lead to a similar expansion of the capillary bed, are accompanied by a differential expression pattern of angiogenic mediators. Angiogenic stimulation may arise though direct mechanotransduction, release of humoral factors or indirect responses of host tissue. At present, the balance of these signalling approaches is unknown.
Methodological considerations
Recently, doubts on the validity of unverified gene array data have been expressed [10] , although as a means of identifying candidate genes in an unknown pathway, they remain unparalleled. Therefore the present study sought
Figure 3 Correlation between gene array and qRT-PCR data
Changes in mRNA expression relative to control are shown with the change seen by qRT-PCR plotted on the x-axis against the change seen by gene array on the y-axis.
to utilize a targeted gene array to pick out candidate genes and then verify the results using qRT-PCR. We also performed immunoblot analysis to investigate whether changes in mRNA levels were translated into proteins. We found a good correlation between gene array data and qRT-PCR (Figure 3 ), although in many cases, there were major discrepancies between the mRNA expression and protein levels. This highlights the difficulties with examining molecular pathways in vivo. Messages in a complex process such as angiogenesis have to be tightly regulated both spatially and temporally, so a specific message may not be seen at a particular time point. This may occur due to switching off a gene, or degrading an mRNA or protein after it has performed its function. Changes in the stability of mRNAs may also result in a discrepancy between mRNA and protein expression. However, the technology for looking at multiple mRNA and protein expressions continuously in vivo is not currently available, so such negative results are unavoidable. In our present study, this effect is particularly marked when looking at growth factors, where a decrease in mRNA from control levels representing a 'switching off' of the signal is seen at time points when protein levels are still high. This is perhaps to be expected as any proangiogenic growth factor must have its effects terminated quickly as a continuing signal may lead to excessive angiogenesis, which underlies a wide range of pathologies [1] . This stresses the need to supplement mRNA-based methods with protein data, especially when looking at integrated systems in vivo. It is reasonable to suggest that the changes in gene expression in the present study are connected to the realization of two forms of angiogenesis. We can therefore propose the possible functional relevance of the observed patterns with respect to the existing literature. However, we cannot distinguish between factors initiating angiogenesis, those released as a consequence of angiogenesis or those regulated by direct effects of our interventions.
The specific response to muscle overload
The most obvious difference between sprouting and splitting angiogenesis is the up-regulation of genes involved in ECM (extracellular matrix) remodelling in the former. Remodelling involves proteolysis, laying down new matrix and modulation of cell-ECM contacts. Proteolysis is necessary for angiogenesis to allow new capillaries to be inserted into existing tissue and MMPs are thought to be of critical importance for this process [11] , as well as releasing and activating growth factors sequestered in the matrix [12] . Indeed, MMP inhibition results in inhibition of capillary growth in response to indirect electrical stimulation of rat skeletal muscle [13] .
Our present results suggest that MMP-2 is involved in sprouting angiogenesis, but is less important in capillary splitting, in agreement with data published previously in the rat [8] . The increase in TIMP mRNA indicates that proteolysis is exquisitely controlled, with inhibitors being synthesized at the same time as proteases. SPARC is a protein that modulates endothelial cell-ECM interactions, has an anti-adhesive effect on cells in culture and can modulate the interactions of growth factors with their receptors [14, 15] . In common with many extracellular proteins, cleavage of SPARC by MMPs can generate biologically active fragments which may influence angiogenesis [16] . No increase in protein levels was seen in the present study, but this may be due to relatively rapid cleavage of the protein, as a large increase in mRNA is seen in the overload model. Increases in fibronectin and TSP mRNAs, which have pro-and anti-angiogenic effects respectively [17, 18] , were also seen during sprouting angiogenesis, reflecting the balance between pro-and anti-angiogenic factors necessary for properly co-ordinated angiogenesis in vivo.
The other main difference between probable angiogenic mechanisms was the up-regulation of HIF-1α in sprouting angiogenesis. HIF-1α is a transcription factor which increases its activity when oxygen tension falls or a cell is subjected to other stresses, such as pH or mechanical stretch [19] . HIF regulates a wide variety of genes, including several involved in angiogenesis such as VEGF, eNOS (endothelial nitric oxide synthase) and Ang-2 [20] . Experimentally increased expression or stabilization of HIF results in an increase in capillarity in several experimental situations [9, 21] . HIF-1α up-regulation following muscle overload, but not increased shear stress, may be a result of either low oxygen tension or generation of reactive oxygen species following increased metabolism [22, 23] or direct mechanical stretch [24] . We anticipate that HIF-1α up-regulation will be one of the early events leading to overload-induced angiogenesis through downstream activation of angiogenic factors, although ischaemia alone is insufficient to initiate a significant angiogenic response in rodent skeletal muscle [25] , so augmentation or modulation of this stimulus is necessary in vivo.
The specific response to elevated shear stress Capillary splitting requires a lesser degree of ECM remodelling, but selective up-regulation of neuropilin, restin and midkine were seen in splitting angiogenesis. Neuropilin is a non-signalling VEGF receptor that potentiates VEGF signalling by presentation of VEGF 165 to Flk-1 [26] and may have an independent role in cell migration [27] . Restin (also called CLIP-170) is thought to mediate interactions of organelles with microtubules [28] and is involved in filopodia formation [29] . Decreases in restin mRNA during longitudinal splitting of capillaries may represent biochemical differences in filopodia composition between the morphologically similar luminal and abluminal protrusions seen in splitting and sprouting angiogenesis respectively. Midkine is a proangiogenic [30] growth factor that promotes cell survival [31] and is up-regulated by hypoxia [32] . Midkine also inhibits nitric oxide production in endothelial cells [33] . Nitric oxide may play an important role in some forms of angiogenesis [34] , possibly through interactions with VEGF [35, 36] , and eNOS is essential for angiogenesis in response to prazosin [37] . The inhibition of midkine seen in the present study may therefore be permissive for angiogenesis via capillary splitting following chronic hyperaemia.
Responses common to two different forms of angiogenesis
VEGF is the single most important growth factor involved in angiogenesis [7] and has many effects on endothelial cells through a web of intracellular signals [38] . However, other growth factors, such as FGF-2 (fibroblast growth factor-2), can also initiate angiogenesis in vivo [39] . Previous work in rats suggests that FGF-2 is not important in angiogenesis in rodent skeletal muscle [40] , and FGF-2 mRNA was not affected in either model (Supplementary Appendix 1, at http://www.clinsci.org/cs/ 110/cs0000ppppadd.htm). VEGF mRNA was downregulated at both 3 and 7 days in both models, which was confirmed by qRT-PCR. VEGF protein is known to be up-regulated by hypoxia, mainly due to an increase in mRNA stability rather than transcription [41] . The increase in levels of VEGF protein in the context of the increase in HIF-1α is consistent with such a response in sprouting angiogenesis. However, in certain situations, such as ischaemia, increased Flk-1 expression is vital for angiogenesis where an increase in VEGF alone is insufficient [9, 25] . The increase in both VEGF levels and its main signalling receptor confirms that VEGF is an important growth factor affecting both sprouting and longitudinal splitting of capillaries.
PECAM-1 (also called CD31) is an adhesion molecule that is a major constituent of endothelial cell junctions and also acts as a signalling molecule that has been implicated in endothelial cell invasion [42] . In our models, the increases in PECAM-1 seen in both cases suggest that both forms of angiogenesis require modulation of endothelial cell junctions to allow the formation of new capillaries, despite the differences in ECM remodelling. The changes seen in CD36, cadherin-5 and osteopontin expression are consistent with this interpretation.
A number of receptor tyrosine kinases are important in controlling angiogenesis. The VEGF, angiopoietin and ephrin systems are the most endothelial-specific and hence thought to be most important [43] . There was no change in ephrin A2, B2 or B4 mRNA, suggesting that ephrin signalling is not vital for either form of angiogenesis; however, Ang-2 protein was up-regulated in both. Ang-2 enhances angiogenesis in response to VEGF [44] or TNF-α (tumour necrosis factor-α) [45] and is up-regulated in a number of tumour types [46] . Ang-2 is thought to loosen endothelial cell contacts to allow angiogenesis or capillary regression depending on the local environment [47] , so the increase of protein levels seen in the presence of increased VEGF in the present study indicates the importance of Ang-2 in both forms of skeletal muscle angiogenesis. This co-ordinated expression of angiopoietins with VEGF and Flk-1 may represent a common activation pattern in endothelial cells necessary for physiological angiogenesis, which is modulated by other factors to produce different forms of angiogenesis.
In conclusion, the present study shows that the two morphologically different forms of angiogenesis in skeletal muscle are accompanied by two different molecular mechanisms, with differential expression of HIF1-α, neuropilin, midkine and restin. The most marked difference is seen in molecules associated with ECM remodelling, with MMP-2, SPARC, TIMP, PAI-1 and TSP expression changed during sprouting angiogenesis. However, there is also a great deal of common ground: both involve up-regulation of VEGF, Flk-1, Ang-2 and PECAM-1. This demonstrates that common signals from growth factors can be influenced by other chemical or mechanical stimuli to produce forms of angiogenesis that differ in both morphological and biochemical characterization, but which both lead to a controlled expansion of the capillary bed. The existence of two biochemically different forms of angiogenesis requires broad-ranging angiotherapies to target the pathways common to both. To date, common strategies for both pro-and anti-angiogenic therapies have focussed on a VEGF/Flk-1/Ang-2 axis or PECAM-1, an approach substantiated by our data. Importantly, angiotherapies targeted at capillary sprout formation should be directed at MMPs to modulate endothelial migration, whereas interventions for capillary splitting should focus on either filopodia formation (restin) or differential VEGF signalling (neuropilin).
